The acute lethal interaction that occurs in rodents when high doses of a peripherally restricted cholinesterase inhibitor, pyridostigmine bromide (PB), and the insect repellent N, N-diethyl-mtoluamide (DEET) are combined was rst described during studies of chemical mixtures that were targeted as potential causative agents of Gulf War illnesses. This study was intended to provide insight into possible mechanisms of that lethal interaction. Following a single intraperitoneal injection of PB (2 mg/kg) and /or DEET (300 or 500 mg/kg), respiratory activity was measured in conscious freely moving rats using whole-body plethysmography. Cardiovascular function was also monitored simultaneously through an arterial catheter. PB (2 mg/kg) given alone stimulated respiration and increased blood pressure. Arterial pH levels were decreased, whereas pO 2 and pCO 2 remained at control levels. Administration of DEET (300 mg/kg) alone increased tidal volume and decreased blood pressure. Blood gases and pH levels were unaltered. A higher dose of DEET (500 mg/kg) also decreased respiratory and heart rate. Coadministration of PB (2 mg/kg) and DEET (300 mg/kg) increased tidal volume, decreased arterial pH, and elevated pCO 2 . Heart rate and blood pressure declined progressively after drug coadministration. Pretreatment with atropine methyl nitrate (AMN), a peripherally selective competitive antagonist at nicotinic and muscarinic receptor sites, reduced the individual effects of PB or DEET, and signi cantly increased survival after coexposure to these agents. Although changes in respiratory function may have contributed to the lethal interaction, it was concluded that the primary cause of death was circulatory failure.
The acute lethal interaction observed in rodents when high doses of pyridostigmine bromide (PB) and the insect repellent N,N-diethyl-m-toluamide (DEET) were combined was rst described during studies of chemical mixtures that were targeted as potential causative agents of Gulf War illnesses (Chaney et al. 1997; McCain et al. 1997) . The interaction between PB and DEET remains of interest because cholinesterase inhibitors similar to PB are widely used in the agricultural industry for pest control, and in medicine to treat certain conditions such as glaucoma, myasthenia gravis, and senile dementia of the Alzheimer's type (Millard and Broom eld 1995; Taylor 1996) . DEET-based personal insect repellents are used globally to protect against a wide range of biting insects (Carlson 1984; Gilbert 1966; Gilbert, Gouck, and Smith 1955) . The increased potential for concurrent occupational exposure to cholinesterase-inhibiting pesticides and DEET, especially in agriculture and forestry workers, raises concern over the possibility that similar interactions could occur in humans (Moody et al. 1987) . By developing a better understanding of the nature of the toxic interaction between PB and DEET, dose-response relationships can be studied, populations at risk for dual exposure can be identi ed, and informed regulatory decisions can be made regarding future concurrent use of these agents.
PB is a quaternary dimethyl carbamate that enhances cholinergic transmission by reversibly binding to acetylcholinesterase (AChE) and preventing hydrolysis of acetylcholine (ACh) at peripheral muscarinic and nicotinic receptor sites. PB has been used historically at relatively high doses (200 to 1400 mg/day) to treat the neuromuscular disease, myasthenia gravis (Taylor 1996) . PB was given prophylactically to soldiers during the Gulf War (30 mg, orally, three times per day) to protect against permanent inactivation of AChE by organophosphat e (OP) chemical warfare agents (Cook and Kolka 1992; Deyl, Linxiu, and Shuqiu 1981; Dirnhuber et al. 1979; French, Wetherell, and White 1979; Gordon, Leadbeater, and Maidment 1978) . PB should not cross the blood-brain barrier (BBB) to enter the central nervous system (CNS) because it is positively charged. Unlike OPs, it would not be expected to cause CNS-related toxic effects or to interfere with cognitive function (Taylor 1996) . It was demonstrated that PB administered acutely at doses up to 3 mg/kg did not inhibit cholinesterase activity in whole brain or selected brain areas in rats (Chaney et al. 2000) .
Acute responses to excessive doses of PB would include those resulting from overstimulation of the peripheral cholinergic nervous system. Muscarinic effects would include miosis, bradycardia, hypotension, gastrointestinal disturbances, rhinorrhea, hyperemia of the upper respiratory tract, and bronchospasm . Nicotinic actions at the neuromuscular junctions of skeletal muscles would produce weakness, fasciculations, tremors, and, eventually, paralysis. One of the most serious consequences would be paralysis of the respiratory muscles (Taylor 1996) .
By indirectly causing accumulation of ACh in the periphery, PB elicits responses that qualitatively mimic those obtained by parasympathetic stimulation of the respiratory system, including increased bronchiolar tone and mucous secretions (Taylor 1996) . Kajimoto (1970) reported that intravenous injections of PB greater than 1 mg/kg produced a dose-dependent decrease in the rate and amplitude of spontaneous respiration, accompanied by a profuse tracheal secretion in anesthetized cats and rabbits. Doses of 4 mg/kg caused respiratory arrest, but breathing was restored following arti cial ventilation. Caldwell et al. (1989) conducted canine studies where PB was infused intravenously at 0.5, 2, or 5 mg/kg. They observed a marked dose-dependent increase in dynamic airway resistance accompanied by significant reduction in tidal volume, increased respiratory rate, and overall increase in respiratory minute volume. Decreased lung compliance was observed at the highest dose level, with a decrease in arterial oxygen tension. These effects could have been due to muscarinic receptor mediated bronchoconstriction or uid secretions in the airways, with resulting impairment of gaseous exchange occurring in the alveoli (Caldwell et al. 1989) . PB (60, 120 mg) is known to exacerbate airway resistance in humans already experiencing compromised air ow (Shale, Land, and Davies 1983) . In fact, carbamates are contraindicated in patients with obstructive airway disease (Reynolds and Prasad 1982) .
DEET is the active ingredient in almost all commercially available insect repellents, and is considered safe when used topically in low concentrations (<31%) to protect against mosquitoes and other biting insects (Osimitz and Grothaus 1995) . Formulations containing higher concentrations of DEET (up to 100%) have recently become available, increasing the risk of adverse reactions from overexposure (Mack 1986 ). Reports of clinical symptoms related to DEET overexposure in humans through either oral or dermal routes have surfaced on several occasions (mostly in children) and re ect an apparent action on the CNS characterized by anxiety, ataxia, confusion, lethargy, generalized seizures, toxic encephalopathy, and, in a few cases, coma and death (for a comprehensive review see Qui, Jun, and McCall 1998) .
Although many researchers have attempted to characterize the toxic effects of DEET exposure in animals, the actual mechanism of DEET toxicity remains unknown. Commonly reported symptoms of poisoning in animals are similar to those in humans and include ataxia, prostration, CNS depression, seizures, coma, hypotension, and respiratory dif culty (Ambrose 1959; Leach, Russell, and Houpt 1988; Mount et al. 1991; Robbins and Cherniack 1986; Verschoyle et al. 1992) . Verschoyle et al. (1992) performed acute neurotoxicity experiments in rats after oral administration of DEET. At doses greater than 1.5 g/kg, they noted severe and rapid decreases in reactivity and muscle tone, associated with demyelination observed in cerebellar roof nuclei. Higher doses resulted in death after progressive respiratory depression.
Several investigators have reported changes in respiratory activity in animals following DEET exposure, although speci c measurements of changes in ventilatory function have not been made. Abou-Doni a et al. (1996b) reported the development of rapid shallow breathing in chickens within the rst 24 hours of administering subcutaneous (SC) injections of DEET (500 mg/ kg/day), or PB (5 mg/kg/day, orally) C DEET (500 mg/kg/day, SC). McCain et al. (1997) also noted that rats treated with DEET (2000 to 5000 mg/kg, orally) displayed signs of respiratory distress. In an investigation of the toxic effects of DEET following lethal oral doses, Ambrose (1959) reported that respiratory failure usually preceded cardiac failure in rats. Verschoyle et al. (1992) also saw progressive respiratory depression preceding death in rats given 2.5 to 4 g/kg of DEET orally. Depressed respiratory function has also been documented in cases of human overexposure following ingestion of DEET (Tenebein 1987) .
Although the mechanism by which DEET alters respiratory function is not known, typical symptoms of toxicity following overexposure to DEET generally re ect an interaction within the CNS. It is possible that DEET interferes with central respiratory control centers to inhibit respiratory drive.
When considering potential mechanisms responsible for the toxic interaction between PB and DEET, it was predicted that administration of PB and DEET in combination could have a much greater inhibitory effect on respiration than either agent alone due to differential contributions from the parasympathetic nervous system (PNS) and CNS, respectively, to decrease ventilation. It was hypothesized that depression of respiratory function could be responsible for the observed increase in lethality. A centrally mediated depression of respiratory drive induced by DEET would be further complicated by a peripheral effect of PB to decrease mechanical ventilatory function, either by increasing airway resistance or interfering with the function of respiratory muscles, causing a dose-dependent increase in the incidence of acute lethality.
Pretreatment with atropine methyl nitrate (AMN), a peripherally selective competitive antagonist at muscarinic and nicotinic receptor sites, would effectively eliminate most of the peripheral cholinergic responses that would result from increases in ACh concentration following administration of PB, such as bronchoconstriction, increased respiratory secretions, and muscle weakness resulting from neuromuscular blockade. AMN would have little effect on any centrally mediated respiratory depression that may be caused by DEET.
Cardiovascular activity, including blood pressure, was monitored simultaneously with measurements of respiratory activity in these studies because PB and DEET can both cause hypotensive effects (Leach, Russell, and Houpt 1988; Taylor 1996; Verschoyle et al. 1992) . A profound fall in blood pressure could cause failure of the respiratory center if blood supply proved inadequate (deCandole et al. 1953) .
METHODS

Animals
Male Sprague-Dawley rats weighing 300 to 324 g were purchased from Harlan Sprague-Dawley (Indianapolis, IN) and maintained in an animal facility at 22 ± C under a 12-hour light/ dark cycle with food and water available ad libitum. Animals were housed in plastic cages with 3 to 4 animals per cage.
These studies were preapproved by the Institutional Animal Care and Use Committee and conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council [NRC] 1996) .
Surgical Catheterization
All surgical procedures were performed aseptically. Rats were anesthetized with halothane anesthesia (2% to 4% in medical grade oxygen), and Sensorcaine-MPF (0.5% bupivicaine and epinephrine injection) was injected subcutaneously prior to making a skin incision. A heparinized saline (10 U/ml) lled polyethylene catheter (PE 50) was inserted into the femoral artery and advanced 3 to 5 cm to the abdominal aorta to allow for monitoring of cardiovascular function, sampling of arterial blood for blood gas, and pH determinations (Rockhold et al. 1984 ). An additional polyethylene catheter (PE 10) was inserted into the abdomen through a small puncture in the abdominal wall, to allow for intraperitoneal [IP] administration of drugs while avoiding unnecessary manipulation of the animal during testing. Catheters were sealed, tunneled subcutaneously, and exteriorized at the nape of the neck through a stainless steel button sutured beneath the skin. Rats were housed individually in plastic cages and permitted to recover for 48 hours before studies began.
Drug Administration and Dosage Selection
PB, DEET, and AMN were purchased from Sigma Chemicals (St. Louis, MO). PB and AMN were dissolved in distilled water immediately prior to each experiment and administered at selected doses at a volume of 1 ml/kg body weight. DEET was administered undiluted. All drugs were infused intraperitoneally, over 60 seconds, through the intra-abdominal catheter.
Ranges of doses for drugs used in these experiments were chosen based on acute lethality and drug interaction data generated in mice, and on preliminary experiments in rats conducted in this laboratory. The LD 50 for PB administered intraperitoneally was previously determined to be approximately 4 mg/kg for mice and 3 mg/kg for rats (Chaney et al. 1997; Wolthuis and Vanwersch 1984) . The LD 50 for DEET administered intraperitoneally was reported to be approximately 650 mg/kg for mice and 600 mg/kg for rats (Chaney et al. 1997; Beall et al. 1998 ). Both agents have steep dose-response curves. Doses of PB (2 mg/kg) and DEET (300 or 500 mg/kg) chosen for the rat studies were expected to cause only moderate toxicity (10% to 20% lethality) when administered alone in a single IP injection, and to cause signi cant potentiation of lethal effects (>80%) when administered concurrently.
Whole-Body Plethysmography
Respiration was monitored with an RM-80 respiration frequency and relative tidal volume monitor (Columbus Instruments, Columbus, OH). This instrument was comprised of a pressure sensor, animal chamber, and a fresh air delivery system ( Figure 1 ). The animal chamber was custom designed to include a dual-channel swivel, through which catheters could be exteriorized for drug administration and monitoring of cardiovascular activity. Animals were placed in the chamber and both catheters were extended with short lengths of polyethylene (PE 90) tubing, threaded through a stainless steel spring-arm, and connected individually to separate channels of the swivel.
The respiratory monitor measures changes in pressure produced by a conscious unrestrained animal respiring within an enclosed space (Bartlett and Tenney 1970; Drorbaugh and Fenn 1955) . The magnitude of change in pressure represents the depth of respiration while the cyclic variations in the pressure signal over time re ect frequency of respiration. The additional use of a reference chamber makes the system less sensitive to minor pressure and temperature changes in the laboratory, thus reducing signal noise.
Rats were placed in the animal chamber for 0.5 to 1 hour each day for 3 days prior to testing to allow for acclimation to the test conditions. Monitoring was carried out in a quiet room, and the animal chamber was partially covered and contained a small amount of wood chip bedding to help reduce stress and minimize distractions.
Analog voltages proportional to changes in chamber pressure and respiratory rate were ampli ed, digitized, and continuously recorded during each experiment on a personal computer using a data acquisition software package (Workbench PC, Strawberry Tree, Sunnyvale, CA).
Calibration of the Respiratory Monitor
The respiratory monitoring system was calibrated by using a 500-¹l gas-tight syringe to inject increasing volumes of air into
FIGURE 1
Schematic representation of the system used for simultaneous monitoring of respiratory and circulatory function in rats. the empty animal chamber through a short length of polyethylene tubing (PE 90) connected to the swivel. Ten replicates of 200, 300, 400, and 500 ¹l of air were injected into the chamber manually on a weekly basis and averaged together to give a reproducible, linear calibration.
Calculation of Relative Tidal Volume and Minute Volume
Tidal volume is the volume of air moved in and out of the lungs in a single breath. In these studies, relative tidal volume (ml) was calculated by determining the difference in absolute pressure changes within the sealed animal chamber for each breath, and then averaging the volumes of 10 consecutive breaths at each experimental time point. Volume was not corrected for changes in temperature, humidity, or compression effects (bronchoconstriction ) within the animal.
Minute volume represents the air exchanged in the airway in 1 minute. It is an overall measurement of total ventilation. Minute volume was calculated as the product of tidal volume and respiratory rate, averaged over 10 consecutive breaths at selected experimental time points.
Monitoring of Cardiovascular Activity
Mean arterial blood pressure and heart rate were measured using a disposable pressure transducer connected to the femoral artery catheter through the swivel, with short lengths of polyethylene tubing (PE 90). Signals were displayed on a previously calibrated blood pressure display unit (Stemtech, Milwaukee, WI), digitized, and recorded on-line using a personal computer with a data acquisition software package (Workbench PC, Strawberry Tree).
Data Acquisition and Processing
Inspiratory volume, expiratory volume, respiratory rate, mean blood pressure, and heart rate were recorded continuously on-line throughout the duration of the experiment. Data were then transferred into a spreadsheet program (Microsoft Excel) for later off-line analysis. Mean tidal volume, respiratory rate, minute volume, blood pressure, and heart rate were calculated by averaging each set of data over a period of 10 consecutive breaths at selected time points both before and after administration of treatment drugs for each animal. Baseline control measurements were calculated at 10, 5, 2, and 0 minutes prior to drug administration, and then at 2, 4, 6, 8, 10, 20, 30, 40, 50 , and 60 minutes following the administration of PB and/or DEET. In groups receiving pretreatment with AMN, data were also calculated at 5, 10, and 15 minutes after administration of the pretreatment drug. Data from animals in each treatment group were then averaged together and analyzed for statistical signi cance.
Analysis of Blood Gases and pH
Arterial blood was withdrawn anaerobically through the femoral artery catheter into a heparinized syringe. The catheter was rst disconnected from the pressure transducer at the outlet port of the swivel on the chamber lid. Using a series of sterile syringes connected to a short piece of polyethylene tubing (PE50), 300 ¹l of blood was initially withdrawn to clear the catheter of saline and insure a fresh oxygenated sample of arterial blood. A 200-¹l blood sample was then withdrawn in a separate syringe and immediately capped and placed on ice. The original 300-¹l sample was then reinfused through the catheter, followed by 200 ¹l of sterile saline. The catheter was reconnected to the pressure transducer and ushed with 150 ¹l of heparinized saline. A baseline blood sample was collected immediately before the start of each experiment, after the animal had stabilized, and then another sample was collected approximately 15 to 20 minutes following drug administration, at the time of peak effect.
Rats receiving combination treatments of PB and DEET typically did not survive for more than 10 minutes. Blood pressure began to decrease immediately following the onset of seizures and usually reached a brief plateau at 50% to 60% of control levels before circulatory collapse ensued. In these animals, the second blood sample was collected when blood pressure reached approximately 50% to 60% of control levels.
Blood samples were analyzed to determine pH, pO 2 , and pCO 2 levels immediately after collection, using a System 1306 pH/blood gas analyzer (Instrumentation Laboratory, Lexington, MA).
Statistical Analysis Respiratory and Cardiovascular Data
All data are expressed as the mean value § standard error of the mean (SEM). Statistical signi cance was determined by using the SAS (SAS Institute, Cary, NC) software package for the personal computer. Data were analyzed within groups using the general linear models procedure for analysis of variance. Data values at each timepoint after drug administration were compared against the last baseline measurement (0 time point) to determine statistical signi cance using Dunnett's post hoc tests. In groups receiving pretreatment injections, data values at each time point after drug administration were compared against the pretreatment baseline (15-minute time point). A p < :05 was considered to be statistically signi cant.
Blood Gas and pH Data
All data are expressed as the mean value § SEM. Statistical analysis was performed using the SigmaStat (Jandel Scienti c, San Raphael, CA) software package for the personal computer. Comparisons between pre-and post-treatment blood gas or pH measurements were made using paired t tests. A p < :05 was considered to be statistically signi cant.
Experimental Design The Effects of PB, DEET, or PB C DEET on Respiratory and Cardiovascular Functions
Approximately 48 hours following surgical implantation of catheters, rats were randomly divided into groups of 5 to 10 animals, placed into individual cages, and weighed. Each rat was placed individually into the animal chamber, and catheters were exteriorized through the swivel to allow for drug administration and monitoring of cardiovascular activity, as previously described. Rats were allowed to acclimate to the surroundings for approximately 15 minutes, or until respirations and heart rate were stable over a 10-minute period of baseline recordings. Immediately prior to drug administration, 200 ¹l of arterial blood was withdrawn from the femoral catheter for determination of control pO 2 , pCO 2 , and pH levels. PB (2 mg/kg), DEET (300 or 500 mg/kg), PB C DEET (PB 2 mg/kg C DEET 300 mg/kg), or vehicleies (distilled water) were administered via the intra-abdominal catheter and respiratory and cardiovascular activities were then recorded continuously for 1 hour. A second 200-¹l blood sample was withdrawn 15 to 20 minutes after dosing, the time at which maximal drug effects were typically observed, for post-treatment measurement of blood gases and pH. In the group that received PB C DEET, the second blood sample was withdrawn approximately 5 minutes after drug administration, following the initiation of seizures, when blood pressure had decreased to approximately 50% to 60% of control levels. Rats were placed in a sealed chamber and euthanized by ooding the chamber with CO 2 at the end of each experiment.
Effects of Pretreatment with a Peripherally Selective Cholinergic Antagonist, AMN, on Changes in Respiratory or Cardiovascular Function Induced by PB, DEET, or PB C DEET
Rats were randomly divided into groups of three to eight and weighed. Each rat was placed individually into the animal chamber and allowed to acclimate to the surroundings as previously described. Control respiratory measurements and cardiovascular readings were recorded for 10 minutes before drug administration. Immediately prior to drug administration, 200 ¹l of arterial blood was withdrawn from the femoral catheter for determination of control blood gases and pH. A pretreatment dose of the selective peripheral cholinergic antagonist AMN (2.7 mg/kg) was administered 15 minutes prior to the following test agents: PB (2 mg/kg), DEET (300 mg/kg), PB C DEET (PB 2 mg/kg C DEET 300 mg/kg), or vehicle (distilled water). An additional control group was included that received a pretreatment of distilled water, the vehicle in which AMN was dissolved, followed 15 minutes later by another water injection, both at volumes equivalent to treatment drugs, to control for variability resulting from multiple injections. Respiratory and cardiovascular activities were recorded for 1 hour, and a second 200-¹l blood sample was withdrawn 15 to 20 minutes after dosing with the test agents for post-treatment measurement of blood gases and pH. Rats were euthanized with CO 2 at the end of each experiment.
RESULTS
The Effects of PB, DEET, or PB + DEET on Respiratory and Cardiovascular Function Clinical Observations
Only mild clinical signs of toxicity were observed in rats given PB intraperitoneally at 2 mg/kg. Increased salivation, lacrimation, and muscle tremors were present in most animals. Some also had diarrhea. Most symptoms subsided within 60 minutes after drug administration. There were no obvious signs of respiratory distress or muscle paralysis at this dose, and seizures did not occur, except in two animals that experienced a severe reaction and died approximately 20 minutes following drug administration. These animals were not included in the nal experimental analysis.
DEET administered intraperitoneally at 300 mg/kg caused ataxia, prolonged prostration, and seizure activity manifested as clonic jerking movements of the forelimbs. Toxic symptoms occurred continuously for 2 to 3 hours, followed by complete recovery. Transient changes in the pattern of respiration (gasping) occurred in some animals. Higher doses of DEET (500 mg/kg) resulted in similar symptoms, more severe in their intensity and duration (12 to 14 hours), also followed by complete recovery of the animal. One rat died at the high dose of DEET (500 mg/kg).
PB (2 mg/kg) and DEET (300 mg/kg) when administered in combination produced ataxia and tremors, followed by prostration, and the transient appearance (usually within minutes) of severe tonic-clonic seizures resembling those which previously have been observed to occur at higher doses of PB alone. Respiratory efforts were inhibited during the tonic phase of seizure activity, but resumed upon cessation of tonic contractions. Only one rat survived at the combination dose. Death, de ned as cessation of cardiac function, occurred very rapidly, usually within 10 to 15 minutes of drug administration.
Respiration
Respiratory rate, relative tidal volume, and minute volume following IP administration of vehicle (distilled water), PB (2 mg/kg), DEET (300 mg/kg), or PB (2 mg/kg) C DEET (300 mg/kg) are presented in Figures 2 to 4 . PB individually caused a 50% to 60% increase in respiratory rate from 4 to 30 minutes after dosing. Individual doses of DEET at 300 mg/kg did not signi cantly alter respiratory rate, but a higher dose (500 mg/kg) slowed respiration by 30% to 40% from 30 to 60 minutes after administration (data for DEET at 500 mg/kg not shown). Combinations of PB and DEET (300 mg/kg) resulted in death of the animals at an average time of 14:4 § 1:2 minutes. Respiratory rate remained at baseline levels 10 minutes following drug administration in this dose group.
Individual doses of PB or DEET (500 mg/kg) signi cantly increased tidal volume by 25% to 40%, beginning 6 to10 minutes after drug administration (data for DEET at 500 mg/kg not shown). DEET at 300 mg/kg did not alter tidal volume. Tidal volume returned to baseline levels around 40 minutes after dosing with PB, but remained elevated through the duration of the experiment following administration of DEET. Coadministration of PB and DEET (300 mg/kg) increased tidal volume 25% to 50% above baseline beginning approximately 8 minutes after dosing.
Individual doses of PB signi cantly increased minute volume by 55% to 65% between 4 and 40 minutes following administration. Neither DEET alone nor PB C DEET (300 mg/kg) altered minute volume above baseline levels.
Blood Gases and pH
Arterial blood gases and pH measurements in rats following IP administration of vehicle (distilled water), PB (2 mg/kg), DEET (500 mg/kg), or PB (2 mg/kg) C DEET (300 mg/kg) are presented in Table 1 . Arterial blood gases were not altered by individual doses of PB (2 mg/kg) or DEET (500 mg/kg). PB caused a signi cant decrease in arterial pH compared to predrug baseline measurements in the same animals. PB (2 mg/kg) C DEET (300 mg/kg) signi cantly increased pCO 2 and decreased arterial pH. A slight decrease in pO 2 also occurred, but was not statistically signi cant.
Cardiovascular Activity
Heart rate and blood pressure in rats following IP administration of vehicle (distilled water), PB (2 mg/kg), DEET (300 mg/kg), or PB (2 mg/kg) C DEET (300 mg/kg) are shown in Figures 5 and 6. Neither PB (2 mg/kg) nor DEET (300 mg/kg) individually affected heart rate. DEET administered alone at 500 mg/kg signi cantly decreased heart rate 15% to 20% below baseline levels 50 minutes following administration (data not shown). The combination of PB and DEET (300 mg/kg) caused a profound decrease in heart rate of 15% to 60%, beginning almost immediately after dosing, and progressing to statistically signi cant levels within 4 to 8 minutes.
PB alone (2 mg/kg) caused a slight elevation in blood pressure (20%) from 2 to 20 minutes after administration. Individual doses of DEET (300 or 500 mg/kg) signi cantly decreased blood pressure by 10% to 40% from 4 to 60 minutes after administration (data for DEET at 500 mg/kg not shown). Concurrent administration of PB and DEET (300 mg/kg) caused a progressive decrease in blood pressure of 10% to 40%, beginning shortly after dosing, and reaching signi cant levels 8 minutes following administration.
Effects of Pretreatment with a Peripherally Selective Cholinergic Antagonist, AMN, on Changes in Respiratory or Cardiovascular Function Induced by PB, DEET, or PB + DEET Clinical Observations and Lethality
No unusual behaviors were observed in control rats treated with AMN (2.7 mg/kg). AMN pretreatment reduced the hypersecretions and tremors previously seen in animals treated with
FIGURE 2
Mean respiratory rate in conscious, freely moving rats following IP administration of either a control agent (distilled water or AMN [2.7 mg/kg]), PB (2 mg/kg), DEET (300 mg/kg), or a combination of PB (2 mg/kg) and DEET (300 mg/kg). Test agents were administered either alone (black line), or 15 minutes following pretreatment with AMN (gray line). ¤ Signi cant, p · :05 versus baseline, ANOVA with Dunnett's post hoc tests.
PB (2 mg/kg), but did not appear to alter the presumably CNSrelated toxic symptoms observed following administration of DEET. In animals given PB C DEET, AMN pretreatment reduced the intensity of seizure activity as well as reduced the incidence of lethality from 92% to only 22%.
Respiration
Respiratory rate, relative tidal volume, and minute volume following IP administration of vehicle (distilled water), PB (2 mg/kg), DEET (300 mg/kg), or PB (2 mg/kg) C DEET (300 mg/kg) in the presence of AMN (2.7 mg/kg; 15 minute pretreatment), are presented in Figures 2 to 4 . There were no signi cant changes in the rate of respiration from pretreatment baseline in animals given PB following AMN pretreatment. Administration of DEET caused a slight increase in respiratory rate 2 minutes after dosing, but rate quickly returned to pretreatment baseline levels. PB C DEET slightly decreased the rate of respiration from 20 to 40 minutes after administration.
Administration of PB following AMN did not alter tidal volume. DEET transiently increased tidal volume at 4, 30, 50, and 60 minutes after dosing. Concurrent administration of PB and DEET following AMN signi cantly increased tidal volume 30 minutes after administration, by approximately 40%.
Administration of PB alone following AMN did not alter minute volume. Both DEET alone, and PB C DEET, signicantly increased minute volume 2 to 4 minutes after dosing.
Blood Gases and pH
Arterial blood gases and pH measurements in rats following IP administration of PB (2 mg/kg) or PB (2 mg/kg) C DEET (300 mg/kg) in the presence of AMN (15 minute pretreatment) are presented in Table 1 . There were no signi cant changes in pO 2 or pCO 2 for either treatment group, as compared to predrug baseline measurements in the same animals. Arterial pH was signi cantly decreased in both groups, with a greater decrease occurring in the group given PB C DEET.
FIGURE 3
Mean relative tidal volume in conscious freely moving rats following IP administration of either a control agent (distilled water or AMN [2.7 mg/kg]), PB (2 mg/kg), DEET (300 mg/kg), or a combination of PB (2 mg/kg) and DEET (300 mg/kg). Test agents were administered either alone (black line), or 15 minutes following pretreatment with AMN (gray line). ¤ Signi cant, p · :05 versus baseline, ANOVA with Dunnett's post hoc tests.
Cardiovascular Activity
Heart rate and blood pressure in rats following IP administration of vehicle (distilled water), PB (2 mg/kg), DEET (300 mg/kg), or PB (2 mg/kg) C DEET (300 mg/kg) in the presence of AMN (2.7 mg/kg; 15 minute pretreatment), are presented in Figures 5 and 6 . Heart rate signi cantly decreased 50 minutes following administration of DEET after AMN. Administration of PB C DEET following AMN also slightly decreased heart rate from 15% to 25% beginning 30 minutes after dosing, and continuing through the duration of the experiment.
Administration of PB after AMN did not alter blood pressure, whereas DEET and PB C DEET signi cantly decreased blood pressure by 15% to 25%, beginning 8 to 20 minutes after administration, and lasting through the duration of the experiment.
DISCUSSION
Cardiorespiratory Effects of PB
Previous studies have de ned the cardiorespiratory effects of PB administered intravenously in several different animal species. Most of these experiments were performed under conditions of anesthesia. Kajimoto (1970) administered PB (1 mg/kg) to cats and rabbits anesthetized with pentobarbital and reported a subsequent decrease in the rate and amplitude of respiration, as well as signi cant hypotension and bradycardia. Caldwell et al. (1989) observed a decrease in tidal volume and arterial oxygen tension, and an increase in respiratory rate and minute volume in pentobarbital-anesthetized dogs following administration of PB (2 or 5 mg/kg, infused over 15 minutes). They also reported bradycardia, and noted that stroke volume was increased, although, overall, there was no change in cardiac output. 
FIGURE 4
Mean minute volume in conscious, freely moving rats following IP administration of either a control agent (distilled water or AMN [2.7 mg/kg]), PB (2 mg/kg), DEET (300 mg/kg), or a combination of PB (2 mg/kg) and DEET (300 mg/kg). Test agents were administered either alone (black line), or 15 minutes following pretreatment with AMN (gray line). ¤ Signi cant, p · :05 versus baseline, ANOVA with Dunnett's post hoc tests.
FIGURE 5
Mean heart rate in conscious, freely moving rats following IP administration of either a control agent (distilled water or AMN [2.7 mg/kg]), PB (2 mg/kg), DEET (300 mg/kg), or a combination of PB (2 mg/kg) and DEET (300 mg/kg). Test agents were administered either alone (black line), or 15 minutes following pretreatment with AMN (gray line). ¤ Signi cant, p · :05 versus baseline, ANOVA with Dunnett's post hoc tests.
Worek, Kleine, and Szinicz (1995) also studied the effects of PB (0.05 ¹mol/kg) in urethane-anesthetized guinea pigs. They demonstrated a decrease in mean arterial pressure, but found no change in heart rate or respiratory minute volume. The ndings of earlier investigations of PB-induced changes in cardiorespiratory function were inconsistent and did not concur with the ndings of the present study. It is possible that the agents used to induce general anesthesia in previous experiments interfered with central autonomic control of respiratory and cardiovascular activity and altered the responses to PB (Costa and Tepper 1988; Hobbs, Rall, and Verdoorn 1996) . Barbiturates, in particular, are known to alter baroreceptor re ex function and to cause centrally mediated depression of cardiorespiratory function (Field, White, and Lang 1993; Fluckinger et al. 1985) .
The present studies, using conscious freely moving rats, demonstrated an overall stimulation of respiratory activity with enhancement of circulatory function following IP administration of PB (2 mg/kg). PB increased both respiratory rate and relative tidal volume in these experiments. Blood gas measurements revealed that mean arterial pH was decreased slightly from approximately 7.47 to 7.44, but there were no changes in arterial pCO 2 or pO 2 at the time the sample was collected. Hyperventilation, occurring in the absence of an increase in pCO 2 , indicates partially compensated metabolic acidosis (Shapiro, Harrison, and Walton 1982) . Metabolic acidosis could have developed primarily in response to PB-induced activation of skeletal muscles (tremors) and the subsequent production of lactic acid. The situation may have been further complicated by loss of sodium bicarbonate in some animals that experienced diarrhea (Guyton and Hall 1996) .
Alternatively, the increase in tidal volume may have re ected an increase in the work of breathing in response to increased airway resistance indirectly caused by PB. One of the limitations of the whole-body plethysmography system used in this study was
FIGURE 6
Mean blood pressure in conscious, freely moving rats following IP administration of either a control agent (distilled water or AMN [2.7 mg/kg]), PB (2 mg/kg), DEET (300 mg/kg), or a combination of PB (2 mg/kg) and DEET (300 mg/kg). Test agents were administered either alone (black line), or 15 minutes following pretreatment with AMN (gray line). ¤ Signi cant, p · :05 versus baseline, ANOVA with Dunnett's post hoc tests.
the measurement of peak-to-peak changes in chamber pressure as the animal respired. An increase in respiratory effort by the rat to accommodate for compression effects in the lung could have falsely in ated the measurement of tidal volume. Pretreatment with AMN reduced the increase in respiratory activity produced by PB. The PB-induced decrease in arterial pH was not affected by the presence of AMN, possibly because the dose of PB was too high for all of the peripheral cholinergic effects to be completely prevented by the selected dose of AMN. Although tremors were reduced in the animals pretreated with AMN, they were not eliminated, and may still have contributed to the production of lactic acidosis.
Administration of PB also caused an increase in blood pressure in our experiments, but heart rate was unaffected. Cardiovascular responses to the administration of cholinesterase inhibitors are complex because they involve both ganglionic and postganglionic effects of ACh. Usually, their predominant ef-fect on the heart is bradycardia, which results from stimulation of muscarinic receptors in the parasympathetic nervous system and causes a reduction in cardiac output. Excitation of parasympathetic ganglia would reinforce the decreased cardiac output, while at the same time, stimulation of nicotinic receptors on sympathetic ganglia would produce the opposite effect.
Previous investigations of cholinesterase inhibitors have demonstrated an increase in blood pressure in humans and experimental animals exposed to OP pesticides and nerve agents. Although CNS pressor responses contributed to the increased blood pressure in those studies, it was shown that peripheral nicotinic stimulation also played a major role in producing hypertension (Holmes and Gaon 1956; Koppanyi, Karczmar, and Sheatz 1953; Koppanyi and Karczmar 1951) .
The increase in blood pressure observed in the present experiments could also have been sympathetically mediated through peripheral nicotinic activation. However, it is unclear why pretreatment with AMN, a peripheral antagonist at both nicotinic and muscarinic receptor sites, did not reduce the magnitude of the response. It is possible that re exive changes in central vasomotor control occurred in response to the conditions of metabolic acidosis, and caused blood pressure to increase. Transiently increased CO 2 levels could have acted on the vasomotor center to indirectly cause a strong sympathetically mediated vasoconstrictor effect (Guyton and Hall 1996; Somers, Mark, and Abboud 1992) .
Cardiorespiratory Effects of DEET
In earlier studies on the toxic effects of DEET, investigators consistently reported the development of respiratory depression, hypotension, and bradycardia following administration by different routes in various species (Abou-Donia et al. 1996a , 1996b Ambrose 1959; Leach, Russell, and Houpt 1988; McCain et al. 1997; Tenebein 1987; Verschoyle et al. 1992) . The reports of changes in respiratory function in these earlier studies were primarily based on observations of changes in the pattern of respiration, rather than measurements of blood gases and other speci c ventilatory parameters.
The present experiments with DEET indicated that overall, ventilation in the rat remained at control levels, although changes in the depth (tidal volume) and pattern of breathing (gasping) occurred. Administration of DEET (300 or 500 mg/kg) at either dose did not signi cantly affect respiratory minute volume. DEET (500 mg/kg) induced a signi cant increase in tidal volume and decreased respiratory rate, which countered any change in calculated minute volume. Levels of blood gases and pH also were not altered.
The mechanism by which DEET increased tidal volume was not clear. DEET is known to act within the CNS to exert toxic effects. Increased tidal volume in the absence of changes in rate or minute volume may re ect direct stimulation of central respiratory control centers. As noted in the behavioral observations, DEET caused changes in the rhythm of respiration that were manifested as "gasping" responses. Measurements of increased tidal volume could partially have re ected changes in the type, or pattern, of breathing. This response could also have been caused by DEET-induced disorganization of central respiratory control mechanisms (Brimblecombe 1977) . The basic rhythm of respiration is controlled by repetitive bursts of inspiratory action potentials (inspiratory ramp signals), emanating from a collection of neurons in the dorsal respiratory group (Guyton and Hall 1996) . It is thought that neurons in the dorsal respiratory group mediate the "gasp" re ex through connections with phrenic motor neurons (Kubin and Davies 1995) . Although rhythmic respirations still occurred, inspiration and expiration were more sudden in onset.
It was noted that the increased tidal volume coincided with a 30% to 40% decrease in blood pressure. The decrease in blood pressure induced by DEET could have caused an increase in tidal volume, either re exively through carotid and aortic barorecep-tor mechanisms, or centrally, by decreasing cerebral circulation, which would have allowed levels of pCO 2 to rise in medullary tissue (Comroe et al. 1967) . Previous studies in both cats and dogs have shown that small changes in systemic blood pressure can stimulate respiration (Jones and Wake eld 1984; D'Silva, Gill, and Mendel 1966) . Ambrose (1959) also reported a stimulation of respiration in urethane-anesthetized rabbits following a similar fall in blood pressure induced by DEET (5 mg/kg, administered intravenously) that was accompanied by peripheral vasodilation.
The progressive decline in blood pressure caused by administration of DEET began immediately after dosing. The prolonged decrease in blood pressure that occurred in the absence of any change in heart rate following the lower dose of DEET, and in the presence of decreased heart rate following the higher dose, suggested an interference with central mechanisms controlling circulation. Normally, when a decrease in arterial pressure occurs, a rapid compensatory response is elicited via baroreceptor feedback to the vasomotor center in the brain. The vasomotor center is also responsible for maintaining vasomotor tone by sending continuous slow sympathetic impulses (Guyton and Hall 1996) . Dose-dependent depression of central sympathetic out ow from the vasomotor center would have resulted in acute venous dilatation, and an unimpeded fall in systemic blood pressure and heart rate, similar to that observed in the present studies with DEET.
Interactions Between PB and DEET
Coadministration of PB (2 mg/kg) and DEET (300 mg/kg) resulted in signi cant alterations of cardiorespiratory function prior to death. PB administered concurrently with DEET resulted in a progressive decline in blood pressure and heart rate that began almost immediately after dosing. Coexposure increased tidal volume, but respiratory rate and calculated minute volume were unchanged, despite signi cantly increased arterial pCO 2 and decreased pH levels.
Changes in blood gases and pH were indicative of respiratory acidosis and acute ventilatory failure (Shapiro, Harrison, and Walton 1982) . This effect was not due to respiratory muscle paralysis from exacerbation of PB-induced depolarizing ganglionic blockade because respiratory movements were not inhibited. It is more likely that tonic-clonic seizure activity affected pulmonary function. The temporary suspension of respiration would have resulted in hypoxemia and respiratory acidosis, whereas muscle contractions would have simultaneously produced metabolic acidosis (Colice and Bernat 1989) . Interference by DEET at central respiratory control centers may have exacerbated ventilatory failure by preventing an increase in respiratory rate and minute volume from occurring in response to the elevated CO 2 . In addition, PB-induced increases in airway resistance may have been present to complicate ventilation. Pretreatment with AMN prevented lethality but did not alter the increase in tidal volume induced by administration of PB and DEET. Arterial pH levels were still decreased, although pCO 2 was no longer elevated. Partially compensated metabolic acidosis or increased airway resistance may have still been present, but respiratory failure was averted, possibly due to the reduction in seizure activity caused by AMN.
Coadministration of PB and DEET produced a profound rapid decrease in heart rate that was not previously observed with either agent alone. A PB-induced increase in ACh levels would have caused activation of peripheral muscarinic receptor sites on the heart, resulting in bradycardia. If DEET interfered with the vasomotor control of sympathetic out ow and promoted vasodilation by decreasing vasomotor tone, PB-induced bradycardia would have been unopposed by sympathetic re exes, and circulatory shock may have developed from inadequate cardiac output. If circulatory shock reached a certain level of severity, the effects of shock would have become self-promoting. As the heart began to deteriorate, death would have ensued. Pretreatment with AMN prevented the decrease in heart rate that occurred following administration of PB and DEET, and greatly increased the survival rate in treated animals.
CONCLUSIONS
These studies were not designed to mimic occupational exposure levels. Instead, they explored the acute lethal interaction between PB and DEET when administered concurrently at high doses in rats, in an effort to provide a mechanistic framework to guide future research endeavors and to expand the existing database on toxic responses to similar types of chemical mixtures.
Concurrent administration of PB and DEET potentiated acute lethality in rats. Although respiratory depression may have contributed to lethality, the primary cause of death appeared to be circulatory failure. DEET may have acted centrally to cause depression of cardiorespiratory control and alterations in sympathetic out ow from the brain. PB exacerbated DEET-induced toxicity, presumably by promoting the accumulation of ACh at peripheral cholinergic receptor sites. This resulted in bradycardia, and further reduced cardiac output, causing the development of progressive circulatory shock. Pretreatment with the peripherally selective cholinergic antagonist, AMN, protected against circulatory collapse by preventing PB-induced bradycardia.
